Methylation of cytosines within the CpG dinucleotide by DNA methyltransferases is involved in regulating transcription and chromatin structure, controlling the spread of parasitic elements, maintaining genome stability in the face of vast amounts of repetitive DNA, and X chromosome inactivation. Cellular DNA methylation is highly compartmentalized over the mammalian genome and this compartmentalization is essential for embryonic development. When the complicated mechanisms that control which DNA sequences become methylated go awry, a number of inherited genetic diseases and cancer may result. Much new information has recently come to light regarding how cellular DNA methylation patterns may be established during development and maintained in somatic cells. Emerging evidence indicates that various chromatin states such as histone modifications (acetylation and methylation) and nucleosome positioning (modulated by ATP-dependent chromatin remodeling machines) determine DNA methylation patterning. Additionally, various regulatory factors interacting with the DNA methyltransferases may direct them to specific DNA sequences, regulate their enzymatic activity, and allow their use as transcriptional repressors. Continued studies of the connections between DNA methylation and chromatin structure and the DNA methyltransferaseassociated proteins, will likely reveal that many, if not all, epigenetic modifications of the genome are directly connected. Such studies should also yield new insights into treating diseases involving aberrant DNA methylation.
Methylation of cytosines within the CpG dinucleotide by DNA methyltransferases is involved in regulating transcription and chromatin structure, controlling the spread of parasitic elements, maintaining genome stability in the face of vast amounts of repetitive DNA, and X chromosome inactivation. Cellular DNA methylation is highly compartmentalized over the mammalian genome and this compartmentalization is essential for embryonic development. When the complicated mechanisms that control which DNA sequences become methylated go awry, a number of inherited genetic diseases and cancer may result. Much new information has recently come to light regarding how cellular DNA methylation patterns may be established during development and maintained in somatic cells. Emerging evidence indicates that various chromatin states such as histone modifications (acetylation and methylation) and nucleosome positioning (modulated by ATP-dependent chromatin remodeling machines) determine DNA methylation patterning. Additionally, various regulatory factors interacting with the DNA methyltransferases may direct them to specific DNA sequences, regulate their enzymatic activity, and allow their use as transcriptional repressors. Continued studies of the connections between DNA methylation and chromatin structure and the DNA methyltransferaseassociated proteins, will likely reveal that many, if not all, epigenetic modifications of the genome are directly connected. Such studies should also yield new insights into treating diseases involving aberrant DNA methylation.
Introduction
DNA methylation is a complex process whereby one of three DNA methyltransferases (DNMTs) catalyzes the addition of a methyl group from the universal methyl donor S-adenosyl-L-methionine, to the 5-carbon position of cytosine. This modification, occurring predominantly within the CpG dinucleotide, is the most prevalent epigenetic modification of DNA in mammalian genomes. There are currently three known, catalytically active DNMTs, DNMT1, 3a, and 3b and each one appears to play a distinct and critical role in the cell (Bestor, 2000) . CpG methylation profoundly influences many processes including transcriptional regulation, genomic stability, chromatin structure modulation, X chromosome inactivation, and the silencing of parasitic DNA elements Jones and Laird, 1999; Robertson, 2001) . These diverse processes nevertheless appear to share a common characteristic, that is, they all exert a stabilizing effect which promotes genomic integrity and ensures proper temporal and spatial gene expression during development.
Genomic DNA methylation patterns are not randomly distributed. Rather, discrete regions, including most repetitive and parasitic DNA, are hypermethylated, while other regions, such as CpGrich regions often associated with the regulatory regions of genes (CpG islands), are hypomethylated (Yoder et al., 1997) . Furthermore, DNA methylation patterns change dramatically during embryonic development. Genome wide demethylation after fertilization is followed by waves of de novo methylation upon embryo implantation. Not all sequences in the genome, however, are demethylated upon fertilization and not all sequences become de novo methylated after implantation. These exceptions further emphasize the regional specificity of genomic DNA methylation patterning (Reik et al., 2001) . Evidence of the great importance of these methylation patterns can be gleaned by examining the effects of disrupting them in vivo. Engineered disruption of factors governing DNA methylation patterns in mice has revealed their vital role in embryonic development (Li et al., 1992; Okano et al., 1999) . Naturally occurring mutations in genes involved in controlling DNA methylation patterns, including one of the DNA methyltransferases, result in ICF, Rett, ATRX and fragile X syndromes (Robertson and Wolffe, 2000) . Disruption of normal DNA methylation patterns is one of the most common features of transformed cells and a number of studies have revealed that methylation changes are early events in the tumorigenesis process and contribute directly to transformation. In tumor cells the normal regulation of the DNA methylation machinery is severely disrupted, such that the regional specificity of methylation patterns begins to be reversed, resulting in de novo methylation of CpG islands and hypomethylation of repetitive DNA Jones and Laird, 1999; Robertson, 2001) .
The role of DNA methylation in cancer has been reviewed extensively and will not be discussed at length here Jones and Laird, 1999; Robertson, 2001 ). Rather, I will focus on emerging data that may help to answer one of the most pressing and intriguing questions in the DNA methylation field, namely how cellular DNA methylation patterns are established during mammalian development and then properly maintained in somatic cells. Clues have been contributed by numerous studies in the last few years, which indicate that DNA methylation and chromatin structure, or the 'tightness' of packaging of the DNA in nucleosomes and the higher order structures they form, are physically and functionally linked (Bird, 2002) . For example, all known catalytically active DNA methyltransferases interact with histone deacetylases and the use of inhibitors of each of these processes has revealed that they work together to repress transcription (Cameron et al., 1999) . Studies in plants, mice, and humans, using naturally occurring or engineered mutations in chromatin remodeling machines, have indicated that chromatin structure itself may dictate cellular DNA methylation patterns (Bird, 2001 ). I will first discuss what is currently known about the components of the cellular DNA methylation machinery, namely the DNA methyltransferases. I will then summarize current knowledge of the interacting protein partners of the DNMTs and why the study of such factors may yield clues to the means by which methylation patterns are established. Lastly I will discuss the connections between DNA methylation and chromatin remodeling and describe a model of how chromatin states may dictate genome-wide DNA methylation patterning.
The mammalian DNA methylation machineryproperties of the DNA methyltransferases (DNMTs) In this section, I will provide an overview of the enzymes responsible for establishing and maintaining cellular DNA methylation patterns in mammalian cells, namely the (cytosine-5) DNA methyltransferases ( Figure 1) . Particular emphasis will be placed on the domain structure of these proteins, their tissue-specific patterns of expression, subnuclear localization, alternatively spliced isoforms, and their catalytic activity.
DNMT1
The (cytosine-5) DNA methyltransferase 1, now properly referred to as DNMT1 (Figure 1 ), was the first enzyme to be isolated as a mammalian DNA methyltransferase, and more importantly, the only one that was identified via biochemical fractionation methodology (Bestor, 2000) . All other genes described below were identified by database search. Following the isolation of murine DNMT1 (Bestor et al., 1988) , its human homolog was identified in 1992 (Yen et al., 1992) , which was mapped to chromosome 19p13.2. Generally, DNMTs are believed to be composed of two parts, a diversified amino terminal region and a relatively conserved carboxy terminal region. DNMT1 has the largest amino terminal region of all the mammalian DNMTs, which has roles in regulating the activity of the carboxy terminal catalytic domain, nuclear localization, zinc binding, and in mediating protein -protein interactions (Figures 1 and 4 , Table 1 ; Bestor, 2000; Robertson, 2001) . The carboxy terminal region comprises the catalytic domain that is a common feature of all cytosine DNA methyltransferases.
The biochemical and enzymatic properties of DNMT1 have been studied in considerable detail. DNMT1 has a significant preference for hemimethylated double-stranded DNA relative to unmethylated double-stranded DNA. This unique property is why DNMT1 is commonly referred to as the maintenance methyltransferase Flynn et al., 1996; Glickman et al., 1997; Pradhan et al., 1997 Pradhan et al., , 1999 Yokochi and Robertson, 2002) . Analysis of the subnuclear localization of DNMT1 supports this assignment. During the G1 and G2 phases of the cell cycle, DNMT1 shows a diffuse nucleoplasmic distribution pattern, but associates with sites of DNA synthesis (replication foci) throughout S phase (Leonhardt et al., 1992; Liu et al., 1998) . These results led researchers to a classic and still attractive hypothesis. DNMT1, as the primary maintenance methyltransferase, is required to maintain the epigenetic information encoded by genome-wide DNA methylation patterns due to the semiconservative nature of DNA replication. This process results in two hemimethylated daughter chromosomes that must be fully methylated in order for DNA methylation patterns to be properly maintained. In contrast to this simple model, the expression patterns of DNMT1 in certain cell types has been found to be somewhat paradoxical. If DNMT1 expression were strictly linked to DNA replication, then expression of DNMT1 would correlate with proliferative state of the cell. However, Northern blot analysis showed that DNMT1 is highly expressed not only in the placenta and lung, but also in low proliferative tissues such as the heart and brain (Robertson et al., 1999; Yen et al., 1992) . This unexpected result may suggest an additional function for DNMT1 in addition to maintenance of methylation at replication foci. Emerging lines of evidence suggest that tissue-specific alternative splicing produces several forms of DNMT1, which result in enzymes designed to carry out distinct roles in DNA methylation metabolism.
with an additional 16 amino acids derived from this region (Figure 2 ; Hsu et al., 1999) . Dnmt1b mRNA is ubiquitously expressed in all cell lines tested and the protein possessed enzymatic properties comparable to DNMT1 in vitro (Bonfils et al., 2000) . One group described the mRNA expression level of DNMT1b as 40 -70% of the level of DNMT1 (Hsu et al., 1999) , while another group reported that DNMT1b protein was present at only 2 -5% of the level of DNMT1 protein (Bonfils et al., 2000) . Thus, the relative abundance of DNMT1b and DNMT1 in somatic tissues remains unclear. The murine DNMT1 gene also undergoes alternative splicing and potentially generates an isoform (murine DNMT1b) similar to human DNMT1b, but would differ by two amino acids (Lin et al., 2000) . A biological role for human and murine DNMT1b in somatic tissues and the functional differences between them in vivo remains unknown.
DNMT1o
Alternative splicing of sex-specific 5' exons produces at least two DNMT1 variants at the mRNA level, which have been termed DNMT1o and DNMT1p (Figure 2) . A shorter isoform of DNMT1 (DNMT1o), which is specific to oocytes, yields a large amount of enzymatically active protein which accumulates in oocytes during the growth phase (Carlson et al., 1992; Mertineit et al., 1998) . In fact, DNMT1o is the sole isoform of DNMT1 not only in the oocyte but also in the preimplantation embryo. It is noteworthy that DNMT1o exhibits an unusual trafficking movement. The majority of DNMT1o is localized in the cytoplasm, and transiently relocates to the nucleus during the eight-cell stage. This observation led to the suggestion that the cytoplasmic-nuclear translocation of DNMT1o at a particular stage of embryogenesis is essential for establishment of normal methylation patterns in imprinted regions (Cardoso and Leonhardt, 1999; Doherty et al., 2002) .
DNMT1p
A larger form of DNMT1 mRNA was detected exclusively in pachytene spermatocytes (Mertineit et al., 1998) , and thus, the transcript was named DNMT1p (Figure 2 ; Doherty et al., 2002) . It was originally concluded that DNMT1p was not translated, possibly due to the inhibitory effect of multiple short upstream open reading frames (Mertineit et al., 1998) . However, the patterns of transcription and translation of this isoform remain controversial. In 2000, it was reported that an alternative DNMT1 transcript in skeletal muscle, specifically differentiated myotubes, was identical to DNMT1p (Aguirre-Arteta et al., 2000) . It was also shown that this muscle-specific isoform was translatable in both transfected cells and in differentiated muscle cells. As with DNMT1o, DNMT1p may play an important role during oogenesis, gametogenesis, or myogenesis.
DNMT2
In 1998, attempts to identify novel putative de novo DNA methyltransferases in mammalian cells resulted (Figure 1 ), which shares homology with the pmt1 gene of fission yeast (Okano et al., 1998b; Yoder and Bestor, 1998) . Although the human DNMT2 gene was mapped to chromosome 10p12-10p14 , the human genome project revealed that its actual location is 10p15.1. DNMT2 mRNA is ubiquitously expressed at very low levels (Okano et al., 1998b; Yoder and Bestor, 1998) . The characteristic motifs found in all other active DNA methyltransferases, including the conserved proline-cysteine dipeptide at the active site, are well conserved in both the human and murine DNMT2 genes. Interestingly, DNMT2 may be the most highly conserved of all DNMTs across species since, unlike DNMT1 and DNMT3, DNMT2-like proteins have been found in yeast, plants, and the Figure 2 Alternatively spliced isoforms of DNMT1. The mRNA splicing structure of the relevant region of DNMT1 (the 5' end of the gene only) is indicated on the left and the resulting proteins are shown at the right. The presence or absence of important motifs and protein -protein interaction sites is also shown for each of the DNMT1 variants fruit fly Drosophila (Hung et al., 1999; Lyko et al., 2000; The Arabidopsis Genome Initiative, 2000; Wilkinson et al., 1995) . At this time, however, no methyl-transfer activity of the DNMT2 gene product has been reported using in vitro assays (Dong et al., 2001; Okano et al., 1998b; Yoder and Bestor, 1998) , although the DNMT2 protein does form stable DNAprotein complexes in vitro (Dong et al., 2001) . Elucidation of the exact function of this protein in vivo will be of great importance. DNMT2 could, for example, be the catalytic subunit of a DNA methylase complex that is inactive when expressed without one or more of its associated factors. Alternatively it may possess a more complex DNA recognition sequence beyond the CpG dinucleotide.
DNMT3a
Low level, stable de novo methylation activity could be observed in embryonic stem (ES) cells lacking DNMT1, supporting the notion that enzymes other than DNMT1 contribute to de novo methylation in vivo (Lei et al., 1996) . DNMT3a and DNMT3b (Figure 1 ), two genes sharing significant homology to DNMT1, were identified by EST database searches in 1998 using the conserved methyltransferase motifs as bait (Okano et al., 1998a) . The human DNMT3a gene was mapped to chromosome 2p23 (Robertson et al., 1999) and shows 96% amino acid identity to its murine counterpart (Xie et al., 1999) . This is significantly higher than the identity between human and murine DNMT1 (78%), and suggests a critical function for this enzyme preserved throughout evolution. The carboxy terminal portion of DNMT3a includes the catalytic motifs highly conserved in all cytosine DNA methyltransferases. DNMT3a has been shown to be enzymatically active both in vitro and in vivo by several groups, although these reports differ somewhat in the exact substrate preference of DNMT3a (Aoki et al., 2001; Gowher and Jeltsch, 2001; Hsieh, 1999; Lyko et al., 1999; Okano et al., 1998a; Yokochi and Robertson, 2002) . Proteins of the DNMT3 family commonly have a cysteine-rich domain in the amino terminal region, which is referred to as the PHD (plant homeodomain) region or ATRX-like domain (Figure 1 ) because of its homology with the PHD region of the ATRX gene. ATRX is a member of the SNF2/SWI2 family of ATP-dependent chromatin remodeling enzymes. This similarity suggests that DNMT3 proteins may be associated with structural changes in chromatin via protein -protein interactions at the amino terminal region. DNMT3a transcripts were ubiquitously expressed in adult tissues, most tumor cell lines, early embryos, and embryonic stem (ES) cells (Okano et al., 1998a; Robertson et al., 1999; Xie et al., 1999) . Northern blot analysis showed that DNMT3a activity is particularly high at embryonic day 10.5 (Okano et al., 1998a ). Unlike DNMT3b, the level of DNMT3a mRNA was less affected when cells were arrested in the G0/G1 phase of the cell cycle, suggesting that DNMT3a expression is not regulated in a cell cycle-dependent manner like DNMT1 (Robertson et al., 2000b) . In contrast to DNMT1, DNMT3a was found at discrete nuclear foci throughout the cell cycle that were not associated with DNA synthesis. During late S phase, however, when heterochromatic regions of the genome are known to be replicated, some of the DNMT3a-enriched foci appeared to overlap with replication foci ).
DNMT3b and its multiple isoforms
The human DNMT3b gene was mapped to chromosome 20q11.2 (Robertson et al., 1999; Xie et al., 1999) and is 85% identical to murine DNMT3b (Figure 1) . The catalytic domain, located at the carboxy terminus, is well conserved between DNMT3a and DNMT3b (more than 80% identity), whereas their amino terminal regions are poorly conserved (less than 30%). This further underscores the notion that the variety in function of each of the DNMTs is most likely due to their diverse N-terminal regions, while the highly conserved C-terminal regions, which are common among all mammalian DNMTs, have similar functions. DNMT3b, like DNMT3a, was shown to be an active DNA methylstransferase in vivo and in vitro (Aoki et al., 2001; Hsieh, 1999; Okano et al., 1998a; Qiu et al., 2002) .
Compared to DNMT3a, the expression levels of DNMT3b are very low in most tissues. The testis, however, expressed high levels of DNMT3b, suggesting a crucial function for DNMT3b in spermatogenesis (Okano et al., 1998a; Robertson et al., 1999; Xie et al., 1999) . DNMT3b shows a diffuse distribution pattern throughout the nucleus in NIH3T3 cells, while targeting to pericentromeric heterochromatin was observed in undifferentiated ES cells ). As will be discussed later in this review in the context of ICF syndrome, DNMT3b appears to be specialized for the establishment and/or maintenance of DNA methylation of the minor satellite repeats (satellites 2 and 3 on human chromosomes 1, 9, and 16) and its co-localization with pericentromeric heterochromatin in consistent with this function.
In contrast to DNMT3a, there are several isoforms (five for human and eight for mouse) of DNMT3b that result from alternative splicing. Three major isoforms, namely DNMT3b1, 3b2, and 3b3, have been identified (Figure 3 ) (Okano et al., 1998a) , and were shown to be expressed in a tissue-specific manner (Robertson et al., 1999) . DNMT3b1 is the longest form and is usually regarded as the typical gene product of DNMT3b. All other splice variants encode smaller proteins. DNMT3b2 also demonstrated methyltransferase activity in vitro, however DNMT3b3, an even shorter isoform lacking 63 amino acids within the central region of the catalytic domain, did not (Aoki et al., 2001; Okano et al., 1998a; Qiu et al., 2002) . Several other splice variants, DNMT3b4 and DNMT3b5 ( Figure 3 ) were identified and are expressed predomi-nantly in the testis (Robertson et al., 1999) . Interestingly, these forms of DNMT3b lack several of the conserved catalytic motifs and possess additional novel sequences resulting from frameshifts after alternative splicing and are therefore unlikely to be catalytically active. These splice variants may possess the critical functions encoded by the N-terminal region of DNMT3b, including protein -protein interaction sites, but lack catalytic activity. They may therefore act to inhibit some function of DNMT3b1-2, like de novo methylation of certain sequences, by interacting with the same set of targeting proteins.
DNMT3L
The human DNMT3L (DNMT3-like, Figure 1 ) gene located on human chromosome 21q22.3 was originally isolated by database analysis of the genome sequence in 2000 (Aapola et al., 2000) . The identification of the murine DNMT3L gene (Aapola et al., 2001) , which is 61% identical to its human counterpart, soon followed. Similarity between DNMT3L and DNMT3a and DNMT3b is restricted mainly to the cysteine-rich region encompassing the PHD/ATRX-like region in the amino terminus of DNMT3L. DNMT3L lacks the critical catalytic motifs commonly seen in all other DNA methyltransferases, including the 'FGG' sequence in conserved motif I, the 'PC' catalytic active site in motif IV, and the 'ENV' sequence in motif VI believed to be involved in cofactor binding. Thus, the gene product is almost certainly catalytically inactive, although this has yet to be tested directly. DNMT3L is highly expressed in testis and mouse embryos (Aapola et al., 2001) , and is likely involved in gametogenesis for the process of establishing genomic imprints (Bourc'his et al., 2001).
Insights into functions of the DNA methylation machinery derived from knockout models
The recent history of DNA methylation research has been punctuated by several elegant studies using murine knockout models to elucidate the role of DNA methylation in general, and of the functions of the individual DNMTs in development, transcriptional regulation, chromatin structure maintenance and genomic imprinting. Comparison of the transgenic knockout mice with the corresponding knockout ES cells provides additional data on the role of each of the DNMTs in a pluripotent cell versus a more differentiated cell type. This section of the review will summarize the effects of inactivating each of the DNMTs at the individual cell and the whole organism levels.
DNMT1
Murine ES cells lines homozygous for a DNMT1 knockout were obtained by targeted disruption (Li et al., 1992) . The mutant ES cells were viable and showed normal morphology. Only residual DNA methyltransferase activity was observed in lysates derived from these homozygous mutant cells. DNA from homozygous mutant cells was found to have a 5-methylcytosine content of roughly 30% of the DNA from wild type cells, in which about 60% of all CCGG sites were methylated (that is, a 70% decrease in 5-methylcytosine content in the CCGG sequence) (Li et al., 1992) . Interestingly, targeted disruption of the DNMT1 gene in a human colorectal carcinoma cell line yielded somewhat different results (Rhee et al., 2000) . DNA from the DNMT1 deficient HCT116 cell line had a 5-methylcytosine content of about 80% of the DNA Figure 3 Alternatively spliced isoforms of the human DNMT3b protein. Important motifs are denoted with boxes. Motifs I, IV, VI, IX, and X correspond to the highly conserved methyltransferase motifs involved in catalysis. The shading in the amino-terminal regions of DNMT3b4 and DNMT3b5 indicate that the exact splicing structure in region-1 has not been determined. The hatch marks at the extreme C-terminus of DNMT3b5 denote a change in reading frame after splicing (Robertson et al., 1999) from wild type cells, in which approximately 4% of all cytosines were methylated (that is, a 20% decrease in total genomic 5-methylcytosine content). A direct comparison of the results between these two experimental systems is somewhat difficult due to the different methods used for measuring the amount of DNA methylation in the original wild type cells. Regardless of whether this discrepancy arises from different experimental methods or from the radically different cell types used in each study, these results suggest that methyltransferases other than DNMT1 contribute significantly to the homeostasis of DNA methylation patterns. Transgenic mice heterozygous for the DNMT1 knockout were indistinguishable from wild type littermates. Homozygous mutation of DNMT1 was embryonic lethal and mutant embryos failed to develop beyond mid-gestation, strongly suggesting that DNA methylation is essential for mammalian development. DNMT1 mutants demonstrated significant hypomethylation of several genes, which affected a variety of epigenetic events including genomic imprinting (Li et al., 1993) , X chromosome inactivation (Beard et al., 1995) , and the suppression of transcription from parasitic elements (Walsh et al., 1998) .
More recently, conditional knockouts of DNMT1 have been generated to examine its role in the development and maintenance of specific tissues, particularly the central nervous system. In one study, the cre/lox system was used to delete the DNMT1 locus from primary fibroblasts in culture (Jackson-Grusby et al., 2001) . The resulting DNMT1-null cells displayed extensive genomic hypomethylation and uniform cell death by apoptosis within 6 days of DNMT1-deletion. The connection between reduced DNA methylation and apoptosis was further underscored by showing that interfering with p53 function, a key mediator of apoptosis, prolonged the life span of the DNMT1-null cells and reduced the level of apoptosis. Microarray expression studies revealed that 4 -10% of all genes were upregulated and 1 -2% were down-regulated when DNMT1 was deleted and that these genes were involved in a multitude of cellular functions (JacksonGrusby et al., 2001) . Conditional deletion of DNMT1 in neural precursor cells early in development resulted in genome-wide demethylation and embryonic lethality, although brain structure appeared normal. Mice delivered by caesarian section exhibited aberrant breathing and their lungs failed to inflate, indicating potential defects in respiratory rhythmogenesis or neurotransmission. Deletion of DNMT1 at this early developmental stage in a small fraction of neural precursor cells resulted in a marked selection against the demethylated cells such that the mice developed normally and were devoid of demethylated, DNMT1-deficient cells . Deletion of DNMT1 from post-mitotic neurons later in development was compatible with both normal development and normal DNA methylation patterns. Thus, these studies strongly suggest that DNA methylation is critical for normal mammalian development during embryogenesis and may play a particularly important role in brain development and function as has been suggested previously Robertson, 2001; Tucker, 2001 ).
DNMT1o
Since DNMT1o demonstrated a unique nuclearcytoplasmic trafficking movement during oogenesis and preimplantation development, a functional role for DNMTo in genomic imprinting in the oocyte was proposed (Carlson et al., 1992; Mertineit et al., 1998) . Although males homozygous for a deletion of the maternal-specific exon were normal and fertile, homozygous females were infertile. That is, most heterozygous fetuses of homozygous females died during the last third of gestation, indicating that deletion of DNMT1o causes a pure-maternal phenotype during oogenesis (Howell et al., 2001) . DNA methylation at certain imprinted loci, but not the whole genome, was lost in the heterozygous embryos. Therefore it appears that DNMT1o is required to maintain methylation patterns at specific imprinted loci during the fourth embryonic S phase.
DNMT2
Murine ES cells with a homozygous disruption of the DNMT2 gene appeared to be normal, suggesting that DNMT2 is not essential for cell proliferation, growth, and differentiation. No significant change in the methylation status of both genomic DNA and newly integrated provirus DNA was observed in the DNMT27/7 ES cells. These results indicated that DNMT2 is required for neither maintenance nor de novo methylation in vivo (Okano et al., 1998b) .
DNMT3
ES cell lines homozygous for a DNMT3a knockout (DNMT3a7/7) retained their undifferentiated morphology and showed normal de novo methylation activity on newly integrated proviral DNA following retroviral infection . DNMT3a heterozygous mice were normal and fertile. Although DNMT3a7/7 homozygous mice appeared to be normal at birth, undergrowth of such mutant mice by 18 days was obvious and all of the animals died by 4 weeks of age.
A homozygous knockout of the DNMT3b gene in ES cells yielded a phenotype similar to that of DNMT3a disruption. DNMT3b7/7 ES cell lines and embryos exhibited comparable degrees of demethylation to those of DNMT3a7/7 homozygous ES cells and embryos and a comparable ability to de novo methylate retroviral sequences . However, an analysis of early embryos revealed clear evidence that DNMT3a and DNMT3b have independent functions. Unlike DNMT3a7/7 mice, no viable DNMT3b7/7 mice were recovered at birth. Interestingly, the minor satellite repeats in the pericentromeric region were significantly hypomethylated in DNMT3b7/7 but not in DNMT3a7/7 cells, indicating that the minor satellite repeats are specific targets of DNMT3b. As will be discussed later, naturally occurring mutations in the human DNMT3b gene give rise to ICF syndrome, which is also characterized by hypomethylation of pericentromeric repeats (Hansen et al., 1999; Okano et al., 1999; Xu et al., 1999) . DNMT3a7/7, DNMT3b7/7 double mutant ES cells were also generated and were viable. However, de novo methylation of newly integrated retroviral sequences was no longer observed, suggesting that the gene products of DNMT3a and DNMT3b have overlapping functions in ES cells with regard to de novo methylation of parasitic elements. Embryonic defects in the double mutant mice were more severe than those of DNMT3a7/7 single mutant mice. Global methylation levels in ES cell lines and E9.5 day embryos were dramatically reduced in DNMT3a7/7, DNMT3b7/7 knockout mutants compared to the single mutants , supporting the notion that DNMT3a and DNMT3b have at least partially overlapping functions in the establishment of cellular DNA methylation patterns during development.
DNMT3L
Targeted disruption of DNMT3L gene was recently reported (Bourc'his et al., 2001) . Homozygous animals of both sexes were viable but sterile. Bisulfite genomic sequencing revealed that a defect in DNMT3L resulted in the disruption of maternal methylation imprints in homozygous oocytes, while genome-wide methylation patterns appeared to be normal, indicating that the DNMT3L protein contributes to establishment of genomic imprints during oogenesis. As was discussed in the previous section, DNMT3L is almost certainly not a functional DNA methyltransferase therefore the observation that its disruption results in any loss of DNA methylation indicates that DNMT3L may target other functional DNA methyltransferases, such as DNMT3a and DNMT3b, to specific loci in the genome via direct or indirect protein -protein interaction.
Chromatin-associated proteins that interact with DNMTs
In vitro studies of the DNMTs have shown that they exhibit little sequence preference beyond the CpG dinucleotide, while the knockout studies emphasize the non-random nature of DNA methylation and the distinctive roles for the individual DNMTs. A prime mediator of these distinctive roles is most likely the complement of proteins that interact with the DNMTs at specific stages of development and differentiation, and within the environment of chromatin. A number of proteins have now been identified which interact with one or more of the DNMTs ( Figure 4 , Table 1 ; Robertson, 2001) . This section of the review will focus specifically on chromatin-related proteins known to associate with the DNMTs and discuss the functional consequences of these interactions.
The retinoblastoma protein, Rb
The retinoblastoma protein, Rb, is a protein with intimate links to transcriptional regulation in the context of chromatin. Robertson et al. (2000a) initially identified an interaction between Rb, E2F1, and DNMT1 via biochemical fractionation, and this result was recently confirmed by others (Figure 4 ; Pradhan and Kim, 2002) . The amino terminal region of DNMT1 could interact with the A/B pocket region of Rb (Robertson et al., 2000a) , and also appears to be capable of interacting with the B/C pocket (Pradhan and Kim, 2002) . Rb and DNMT1 cooperate to repress transcription from E2F-responsive promoters in vivo although this repression did not depend on the catalytic activity of DNMT1 (Robertson et al., 2000a) . A recent report demonstrated that Rb binding to DNMT1 inhibited the ability of DNMT1 to bind to DNA in vitro and exerted a strong negative effect on DNMT1 catalytic activity. Overexpression of Rb in cells resulted in a significant reduction in total genomic 5-methylcytosine levels (Pradhan and Kim, 2002) . Rb, like DNMT1, also co-localizes with DNA replication foci, specifically early S phase perinucleolar replication foci (Kennedy et al., 2000) . The role of Rb at these sites remains unclear.
Hypophosphorylated Rb interacts with E2F family members and inhibits their transactivation function. As cells prepare to divide, Rb is phosphorylated and dissociates from E2F, allowing it to recruit coactivators and stimulate transcription of genes involved in cell cycle progression (Dyson, 1998) . Interestingly, Rb has been shown to repress transcription at E2F-responsive promoters by recruitment of both HDACs and histone methyltransferases (HMTs) and subsequent binding of the methylated lysine binding proteins of the heterochromatin protein (HP) 1 family (Brehm et al., 1998; Luo et al., 1998; Nielsen et al., 2001 ). As will be discussed in the next section, DNMT1 can also interact directly with HDAC1 and HDAC2 (Robertson et al., 2000a; Rountree et al., 2000) and methylated cytosine itself serves as a recognition site for another class of repressors of the methyl-CpG binding protein (MBD) family. The MBDs have also been shown to recruit HDACs to methylated DNA and repress transcription (Bird and Wolffe, 1999) .
What are the functional consequences of the interaction between Rb and DNMT1? We have previously proposed a model wherein DNMT1 binding to Rb at E2F-containing promoters may be a mechanism to sequester DNMT1 from the genome and prevent promiscuous DNA methylation events (Robertson, 2001) . This is supported by recent findings that the catalytic activity of DNMT1 is inhibited by binding to Rb (Pradhan and Kim, 2002) . This study also speculated that DNMT1 bound to Rb would not be capable of binding to PCNA, another DNMT1-associated protein thought to recruit DNMT1 to replication foci. Therefore this model may require revision to take into account these new observations. The exact nature of the complexes formed between DNMT1, Rb, and PCNA in silent chromatin versus replication foci will require extensive additional study however we propose a model ( Figure 5 ) for how the nature of these interactions may change during the cell cycle and how they may effect the catalytic activity of DNMT1. It is likely that temporal changes in the complement of DNMT1-associated proteins, particularly Rb and HDAC2, which associate with early and late replication foci, respectively, will be critical modulators of DNMT1 activity at this site.
HDAC1 and HDAC2
Several studies have now shown that DNMT1, DNMT3a, and DNMT3b associate with HDAC1 and HDAC2 in vitro and in vivo ( Figure 4 and Table 1 ; Bachman et al., 2001; Fuks et al., 2000 Fuks et al., , 2001 Robertson et al., 2000a) . Histone deacetylases can remove acetyl groups from the amino terminal core histone tails, which are critical modulators of chromatin structure, leading to the assembly of tightly packed chromatin and rendering the sequence inaccessible to the transcription machinery (Jenuwein and Allis, 2001 ). DNMT1-mediated transcriptional repression has been shown to be comprised of both HDAC-dependent and HDAC-independent components. The HDAC-dependency can be demonstrated using the HDAC inhibitor trichostatin A (TSA), which relieves a substantial amount of the DNMT1-mediated repression (Fuks et al., 2000; Robertson et al., 2000a) . DNMT1 was shown to bind HDAC1 via a transcriptional repression region other than the HRX-homology domain (Figure 4 ; Fuks et al., 2000) . A direct interaction between the amino terminal half of DNMT1 and HDAC2 has also been demonstrated (Figure 4 ; Rountree et al., 2000) . At present, there is no evidence to believe that there are major functional differences between HDAC1 and HDAC2 since they are highly similar proteins (85% identical at the amino acid level in humans). Thus, the interaction of DNMT1 with HDAC1 or HDAC2 likely has the same functional consequence. The TSAinsensitive component of DNMT1 repression may be mediated by its interaction with DNMT1-associated protein (DMAP) 1 (Rountree et al., 2000) . DMAP1 binds to the extreme amino terminus of DNMT1, a region missing in certain germ-cell specific DNMT1 splice variants (Figures 2 and 4 ). DMAP1 interacts with another potent transcriptional repressor TSG101, although the existence of a DNMT1, DMAP1, and TSG101 ternary complex has not been reported. DMAP1 co-localizes with DNMT1 at replication foci throughout S phase ( Figure 5 ) and may affect catalytic activity or targeting of DNMT1.
The DNMT3s also interact with HDAC1 through their ATRX-homology/PHD regions (Bachman et al., Table 1 ). DNMT3a and DNMT3b also exhibited a TSA-insensitive transcriptional repression component, however the proteinprotein interactions mediating this repression are unknown . Therefore, it is likely that the repression capability of DNMT1 and DNMT3s are the result of distinct protein -protein interactions, although histone deacetylase activity appears to be involved in both.
What is the functional consequence of the HDAC-DNMT interactions? This extremely important question remains unanswered. The potential importance is further underscored by the now universal nature of the association. All known catalytically active DNMTs have been shown to interact with HDACs (Table 1) . One scenario that has been proposed previously relates to the temporal association of DNMT1 and HDAC2 at replication foci ( Figure 5 ). Heterochromatic, hypermethylated sequences enriched in hypoacetylated histones are replicated in late S phase. The recruitment of HDAC2 to replication foci by DNMT1 may help to coordinate remethylation of the newly synthesized DNA and deacetylation of newly deposited histones in late S phase (Rountree et al., 2000) . It is possible that DNMT recruitment to, and methylation of, a specific genomic region then brings in HDACs to deacetylate core histones in the newly methylated region and allow for chromatin compaction and transcriptional silencing. This implies that DNA methylation is the primary event in transcriptional silencing and chromatin modifications follow. Evidence gathered from experimental systems in which gene silencing occurs in a regulated manner, such as X Figure 5 Model for how DNMT1 and Rb may function to regulate cellular DNA methylation patterns. In resting cells (top), DNMT1 binding to Rb may inhibit the catalytic activity of DNMT1 and prevent unscheduled methylation of the genome. DNMT1 may also potentiate Rb-mediated repression of E2F-responsive genes. During early S phase (middle), DNMT1, PCNA, Rb, and DMAP1 co-localize with replication foci. The catalytic activity of DNMT1 at this time, when transcriptionally active hypomethylated sequences are replicated, may be low due to the presence of Rb (denoted by thin arrow), to prevent aberrant methylation. Alternatively, DNMT1 may be completely inactive in early S phase and maintenance methylation is accomplished by another DNMT. In late S phase (bottom), Rb is no longer present at replication foci and HDAC2 begins to co-localize with DNMT1. The departure of Rb may stimulate DNMT1 catalytic activity at a time when transcriptionally inactive hypermethylated regions are replicated and a highly active enzyme would be necessary (denoted by heavy arrow). An ATP-dependent chromatin remodeling enzyme or complex ('ATPase') appears to be crucial for proper DNA methylation throughout the replication process. Filled lollipops represent methylated CpG sites and open lollipops represent unmethylated CpG sites. The assembly of potential proteins during replication is shown for only one strand. The remainder of the macromolecular DNA replication machinery is not shown chromosome inactivation in females and host genome defense-mediated silencing and de novo methylation of retroviral DNA, suggests that other mechanisms may also exist. In X chromosome inactivation, transcriptional silencing and histone modifications (both deacetylation and methylation) occur well before de novo DNA methylation Heard et al., 2001) . Furthermore, transcriptional silencing of newly introduced retroviral sequences occurs before de novo methylation and can occur in the complete absence of the de novo DNA methyltransferases (Pannell et al., 2000) , which have been shown to be responsible for methylation of this class of sequence . Therefore an alternative scenario is one in which HDACs are recruited to a region destined to undergo long-term transcriptional silencing via interaction with other proteins. Once the region is deacetylated and possibly with the help of other chromatin remodeling factors, the DNMTs gain access to the DNA or are attracted to a particular chromatin structural feature, the region is methylated, and stable, heritable, long-term gene silencing and chromatin compaction is achieved (Figures 5 and 6) . Alternatively, both models may operate and depend on the transcriptional and replicative state of the cell.
PML -RAR
As has been mentioned previously, there is a great need to better understand how cellular DNA methylation patterns are targeted to, or restricted from, certain regions of the genome. A fascinating recent study, directly relevant to the targeting issue, showed that DNMT1 and DNMT3a can interact with the leukemiapromoting PML -RAR fusion protein ( Figure 4 and Table 1 ; Di Croce et al., 2002). Acute promyelocytic leukemia (APL) is caused by a reciprocal translocation of the retinoic acid receptor a (RARa) gene on chromosome 17 to one of several other chromosomes. To generate the PML -RAR fusion, the most common in APL, the RARa gene is fused to the promyelocytic leukemia gene (PML) on chromosome 15. PML is a critical component of discrete nuclear structures referred to as PML-oncogenic domains (PODs, ND10 and nuclear bodies). PODs, which are composed of a number of proteins, including Sp100, Sp140, SUMO-1 and Daxx, may be involved in transcriptional activation, DNA replication, and apoptosis Muller et al., 2001; Zhong et al., 2000a,b) . The PML -RAR fusion protein, which retains the DNA and ligand binding domains of RARa, disrupts the PODs, but they can be restored by treatment of cells with retinoic acid (RA). RA treatment and POD reorganization correlates with differentiation of the APL cells, indicating that PODs may have a critical role in differentiation of promyelocytes (Di Croce et al., 2002; Zhong et al., 2000a) .
Di Croce et al. (2002) showed that PML -RAR could repress a model RA target gene, RARb2, and that the repression coincided with de novo methylation of the 5' end of the endogenous RARb2 promoter CpG island. Co-immunoprecipitation studies revealed an interaction between PML -RAR and DNMT1 and DNMT3a, and immunofluorescence studies showed colocalization of PML -RAR and DNMT1 and Dnmt3a when over expressed. It appeared that DNMT3a could interact with regions on both the PML and RAR portions of the fusion protein. Treatments of cells with the DNA methylation inhibitor 5-aza-2'-deoxycytidine (5-aza-dC) or the HDAC inhibitor TSA, revealed that the PML -RAR-mediated transcriptional repression and differentiation blockage was due to the temporally distinct recruitment of both histone deacetylases (at early time points) and DNA methyltransferases (at later time points) (Di Croce et al., 2002) . The functional significance of the interaction between DNMT1 and DNMT3a and PML in normal cells is unclear, although it is possible that the DNMTs may carry out some critical function in the PODs. Interestingly, another PML-associated POD protein and transcriptional repressor, Daxx, has been shown to associate with DNMT1 and it remains possible that Daxx bridges the interaction between PML -RAR and DNMT1 Michaelson et al., 1999; Zhong et al., 2000b) . Perhaps most significantly are the implications of this work in cancer since there have been no prior studies showing how regional hypermethylation events, common to so many tumor cells, might occur.
RP58
DNMT3a and DNMT3b were recently shown to interact directly with a protein called RP58 via the ATRX-like domain ( Figure 4 and Table 1 ; Fuks et al., 2001) . This is also the region of DNMT3a and DNMT3b that interacts with HDAC1 (and most likely HDAC2). RP58 is a sequence-specific zinc finger DNA binding protein and transcriptional repressor associated with heterochromatin (Aoki et al., 1998; Meng et al., 2000) . It contains a POZ domain and several Kru¨ppel-type zinc fingers commonly seen in other transcriptional repressors (Ryan et al., 1999) . The repression activity of RP58 was enhanced by coexpression of DNMT3a and the cooperative effect did not require the catalytic activity of DNMT3a (Fuks et al., 2001) . This suggests that DNMT3a acts as a structural component, rather than an active enzyme, in this repression pathway. Nuclear localization studies using a DNMT3a fragment lacking the catalytic domain also support this notion. The isolated amino terminal regulatory domain of DNMT3a co-localized with heterochromatin-associated proteins like HP1a as well as methyl-CpG binding proteins like MeCP2 . Thus, the co-localization of DNMT3a with these types of proteins suggests that it may be an important component of densely methylated, pericentromeric heterochromatin. Although the ability of DNMT3a and RP58 to cooperate in transcriptional repression was not dependent on the catalytic activity of DNMT3a, it still remains possible that one function of RP58 could be to target DNMT3a to specific DNA sequences that are destined to become de novo methylated. Post-translational modifications, other protein cofactors expressed in a tissue-specific manner (RP58 is highly expressed in the brain for example (Meng et al., 2000) ), missing from the cell culture system used to first characterize this interaction, could influence the function of the RP58 -DNMT3a complex.
MBD2 and MBD3
A physical interaction between DNMT1 and methylCpG binding proteins was also reported (Figure 4 and Table 1 ). DNMT1 was co-immunoprecipitated with MBD2 and MBD3 as one potential complex (Tatematsu et al., 2000) . MBD2 and MBD3 have recently been reported to be components of the large macromolecular MeCP1 repressor complex, which is capable of preferentially binding, remodeling, and deacetylating methylated DNA-containing nucleosomes in vitro (Feng and Zhang, 2001 ). MBD2 and MBD3 colocalized with DNMT1 at replication foci in late S phase. Furthermore, the MBD2 -MBD3 complex demonstrated binding affinity for both hemimethylated and fully methylated DNA and repressed transcription in a TSA-sensitive manner (Tatematsu et al., 2000) . Thus, these results suggest the possibility of an ultimate 'all-in-one' type transcriptional repression complex, which contains a DNA modification module (DNMT), a methylcytosine reocognition subunit (methyl-CpG binding protein), and a histone modifying subunit (HDAC). This complex could have roles in directing DNMT1 to hemimethylated sequences following DNA replication, silencing of genes during S phase, or deacetylation of newly deposited histones in a manner akin to the previously described DNMT-DMAP1-HDAC2 interactions.
ICF syndrome -a disease caused by aberrant DNA methylation and chromatin structure
The identification of numerous interactions between DNA methyltransferases and chromatin associated proteins like histone deacetylases, Rb, and RP58 provides a clear link between DNA methyltransferases and transcriptional regulation and chromatin structure modulation. Is there additional in vivo evidence, particularly in human cells, that these processes are connected? While knockout studies in mouse models have been very revealing, the severity of the phenotype, namely embryonic lethality for DNMT1 and DNMT3b, limits the information that can be gained to embryonic development. Are there models or diseases involving less severe mutations in the DNA methylation machinery that could provide clues? The Figure 6 Model for how HDACs, ATP-dependent chromatin remodeling enzymes, and DNA methyltransferases may cooperate to set up region-specific DNA methylation patterns. The histones within a transcribed or transcriptionally competent region destined for silencing (top) may first be deacetylated (and potentially methylated) and this likely initiates transcriptional silencing. It remains to be determined exactly how the HDAC would first be targeted to this region. The chromatin remodeler can now recognize the chromatin and mobilize nucleosomes in an ATP-dependent manner to allow the DNMT access to its target DNA sites or create a particular chromatin signature or 'epitope' that is recognized by the DNMT or DNMT-containing complex. Ample evidence exists for a DNMT-HDAC containing complex but it remains to be determined if the ATPase is directly or indirectly associated with the DNMT complex. Once the region is methylated, the methylated cytosines will recruit methyl-CpG binding proteins (MBD) and their associated co-repressors to further reinforce transcriptional silencing and chromatin compaction recent finding of a human genetic disease caused by mutations in a DNA methyltransferase gene, the only such disease known, has provided a wealth of information about the more subtle roles a particular DNMT may play in determining genomic DNA methylation patterns.
ICF syndrome (immunodeficiency, centromere instability, facial anomalies) is a very rare recessive disorder caused by mutations in the DNMT3b gene (Hansen et al., 1999; Okano et al., 1999; Xu et al., 1999) . Most ICF patients are compound heterozygotes for their DNMT3b mutations and, with one exception, all of these mutations occur within the carboxy terminal catalytic domain of DNMT3b and likely fully or partially impair catalytic activity (Robertson, 2001; Xu et al., 1999) . Phenotypically, ICF syndrome is characterized by a profound immunodeficiency with an absence or severe reduction in at least two immunoglobulin isotypes, variable impairment in cellular immunity, unusual facial features, neurologic and intestinal dysfunction, and delayed developmental milestones (Franceschini et al., 1995; Smeets et al., 1994) .
At the cytogenetic level, primary and cultured cells from ICF patients exhibit marked elongation of juxtacentromeric heterochromatin. This elongation occurs most consistently on chromosomes 1 and 16, and to a lesser extent chromosome 9. Abnormalities which have been observed include multiradial chromosomes involving multiple arms (3 -12) of one or more of the decondensed chromosomes, whole-arm chromosome deletions or duplications, translocations, centromeric breakage, and in rare cases telomeric associations (Franceschini et al., 1995; Smeets et al., 1994; Tuck-Muller et al., 2000) . These observations strongly suggest that defective forms of DNMT3b lead to chromosome instability and large-scale changes in chromatin structure.
Molecular aspects of ICF syndrome
One of the most consistent features of ICF syndrome is juxtacentromeric repeat sequence hypomethylation on chromosomes 1, 9, and 16 (Jeanpierre et al., 1993) . Interestingly, these chromosomes contain the largest blocks of classical satellite long tandem repeat arrays (satellite 2 for chromosomes 1 and 16, and satellite 3 for chromosome 9) adjacent to their centromeres (Jeanpierre et al., 1993; Tagarro et al., 1994) . These regions are normally hypermethylated in somatic cells and such methylation is likely essential for proper centromere structure and stability (Jeanpierre et al., 1993; Tuck-Muller et al., 2000) . A recent study, using bisulfite genomic sequencing, revealed that satellite 2 repeat methylation was reduced from roughly 70% in normal lymphoblasts, to 20% in ICF cells (Hassan et al., 2001) . Although there is a drastic loss of methylation from satellite sequences in ICF patients, the overall reduction in cellular 5-methylcytosine levels is relatively small (about 7% in primary ICF brain tissue) further underscoring the idea that mutations in DNMT3b lead to highly selective losses of methylation from the genome (Kondo et al., 2000; Tuck-Muller et al., 2000) . Several other regions have been shown to become hypomethylated in ICF patients including, asatellite and Alu repeats (Miniou et al., 1997; Schuffenhauer et al., 1995) , the non-satellite repeats D4Z4 and NBL2 (Kondo et al., 2000) , the H19 gene (Schuffenhauer et al., 1995) , and several genes (G6PD, SYBL1, AR and PGK1) on the inactive X chromosome of female ICF patients (Hansen et al., 2000) . Biallelic expression of several genes and advanced replication timing of the normally late S phase replicating inactive X chromosome have also been noted (Hansen et al., 2000) . The marked lack of autosomal genes in the list of affected DNA sequences in ICF syndrome suggests a specialized role for DNMT3b in gene-poor heterochromatin. The transcribed genes (as opposed to repeats of some kind) most consistently affected in ICF syndrome all appear to reside on the inactive X chromosome, whose methylation is likely regulated in a manner distinct from autosomal sequences.
DNA methylation and aberrant chromatin structure in ICF syndrome
In ICF syndrome it appears that loss of methylation from pericentromeric heterochromatin and the inactive X chromosome results in aberrant chromatin structure. Pericentromeric heterochromatin is massively decondensed and promoter regions of genes on the inactive X chromosome showing reactivation demonstrate increased susceptibility to nucleases, indicative of a more open chromatin configuration (Hansen et al., 2000) . ICF syndrome also demonstrates that hypomethylation results in aberrant transcription, which may also be directly related to chromatin structure changes since a number of genes whose expression is altered in ICF syndrome do not display DNA methylation changes (Ehrlich et al., 2001) . This suggests that DNA methylation is critical for the long-term maintenance of repressive condensed chromatin. Since the regions of the genome which DNMT3b is responsible for methylating are never properly methylated in ICF cells, the subsequent recruitment of other proteins involved in maintaining or reinforcing chromatin compaction, such as the MBDs and their associated HDACs, or the MeCP1 repressor complex, never occurs (Bird, 2002; Feng and Zhang, 2001) . Therefore ICF syndrome can be regarded not only as a disease of aberrant DNA methylation patterns, but also of aberrant chromatin structure. The chromatin structural changes may be directly or indirectly related to the ability of DNMT3b to act as a transcriptional repressor via both HDACdependent and independent mechanisms. Alternatively, reduced methylation may result in global imbalances in transcription factor binding by allowing transcription factors access to sites that would normally be blocked by closed chromatin configuration, or by excesses of transcriptional repressors, such as the methyl-CpG binding protein-containing complexes, that may gain promiscuous access to important transcriptional control regions. The exact nature of defects in DNA methylation and chromatin structure in ICF cells will require considerable study, however, this disease further emphasizes the connection between DNA methylation, DNA methyltransferases, and chromatin structure.
DNA methylation and chromatin remodeling
We have previously discussed connections between DNA methyltransferases and chromatin in the context of histone tail modifying proteins, namely histone deacetylases. HDACs are associated with all active DNA methyltransferases and likely play an important role in determining which regions of the genome are to be methylated. A significant body of data has accumulated showing that hypermethylated regions are transcriptionally inactive, enriched in hypoacetylated histones, and the chromatin is tightly packed, reducing the access of transcription factors to these regions (Eden et al., 1998) . Work over the last few years has provided tantalizing evidence for yet another connection between DNA methylation and chromatin -the possibility that DNA methylation is directly connected to, or targeted by, chromatin remodeling machines. In this last section I will discuss the evidence for this linkage and propose models for how these processes may be coordinated in mammalian cells.
ATP-dependent chromatin remodeling enzymes
Helicases are a large group of proteins, involved in a host of RNA and DNA metabolic processes, which possess a set of seven conserved motifs involved in ATP binding and hydrolysis. The helicase group can be broken down into several families. SNF2 family members are involved in chromatin remodeling (ISWI), transcription (SNF2), DNA repair (ERCC6), and recombination (RAD54) ( Table 2 ). SNF2 (sucrose non-fermenter) was first identified in yeast as a gene essential for transcription of genes involved in sucrose fermentation and mating type switching (Eisen et al., 1995) . Since then, a large number of SNF2-like genes have been discovered, most of which have homologs in organisms ranging from yeast to humans. The SNF2 family can be further divided into three subfamilies, the SNF2-like subfamily, the ISWI-like subfamily, and the CHD subfamily, based on the presence of other conserved domains (Table 2; Havas et al., 2001; Varga-Weisz, 2001 ). None of the SNF2 family members appear to act as helicases, instead they utilize the energy derived from ATP hydrolysis to disrupt histone-DNA interactions and allow for the physical movement, or sliding, of nucleosomes on the DNA. In this way SNF2 proteins can reorganize the chromatin structure of a region, to one more permissive for transcription factor binding and transcriptional activation, or to one with more regularly spaced, tightly packed nucleosomes characteristic of transcriptionally inactive heterochromatin (Vignali et al., 2000; Wolffe and Pruss, 1996) . Inherited mutations in SNF2-like genes give rise to a number of human diseases, including Werner, Bloom and Cockayne syndromes, and Xeroderma pigmentosum (Ellis, 1997) . In the next section we will review the connections between DNA methylation and chromatin remodeling enzymes of the SNF2 family and finally propose a model for how DNA methylation, histone modification, and chromatin remodeling may act in concert to establish and maintain genomic DNA methylation patterns.
DDM1
The phenotypic consequences of mutations in the Arabidopsis DDM1 (decrease in DNA methylation 1) gene provided the first evidence that chromatin remodeling may be essential for proper DNA methylation patterning. DDM1 is not a DNA methyltransferase, but rather a member of the SNF2 family (Jeddeloh et al., 1999) . DDM1 does not readily fit into one of the three SNF2 subfamilies listed in Table 2 due to its lack of motifs commonly associated with members of each family, but may be distantly related to the ISWI-subfamily. Mutations in DDM1 result in loss of about 70% of the total genomic 5-methylcytosine content, primarily at repetitive elements like satellites and ribosomal DNA (Jeddeloh et al., 1999; Martienssen and Henikoff, 1999) . With increasing generations of DDM1 inbreeding, DNA methylation at single copy loci, including imprinted regions, is also lost, suggesting that DDM1 may be involved in maintenance methylation following DNA replication (Jeddeloh et al., 1999; Vielle-Calzada et al., 1999) . DDM1 mutant plants exhibited defects in flowering time, floral and leaf morphology, and fertility (Jeddeloh et al., 1999) . Similar effects were observed in plants expressing antisense to the Arabidopsis DNMT1-like gene MET1, except that the defects in the MET1 plants tended to occur after fewer generations (Finnegan et al., 1996) . Demethylation and activation of transposition from transposable elements has also been observed in DDM1 mutant plants (Miura et al., 2001) .
ATRX
The ATRX gene is mutated in a human genetic disease called X-linked, a-thalassemia mental retardation (ATR-X) syndrome (Gibbons et al., 1997) . Features of this disease include developmental abnormalities, severe mental retardation, facial dysmorphism, and athalassemia. Many of the mutations in the ATRX gene occur within the PHD region, a region highly homologous to the PHD regions of DNMT3a and DNMT3b (Gibbons et al., 1997) . Structurally, ATRX belongs to the CHD subfamily (Table 2 ) of SNF2-like proteins, although it has yet to be purified from cells and shown to possess chromatin remodeling activity (Havas et al., 2001) . ATRX localizes to pericentromeric heterochromatin and may act as a transcriptional regulator within a chromatin environment (Berube et al., 2000) . Interestingly, it was found that ATR-X patients demonstrate DNA methylation defects in select regions of the genome. The ribosomal DNA repeats (where ATRX has also been shown to localize) were significantly hypomethylated. Conversely, a Y chromosome-specific repeat (DYZ2) was found to be hypermethylated in ATR-X patients (Gibbons et al., 2000) . Therefore, unlike the effects of DDM1 mutation, ATRX mutations result in both aberrant losses and gains in DNA methylation in the genome. This result implies that aberrant chromatin structures, which may be the result of an improperly functioning or improperly targeted chromatin remodeling protein, may be able to target DNA methylation to regions that would not normally be methylated. This also supports the notion that chromatin structure changes may precede, and potentially dictate, patterns of DNA methylation.
Lsh
Lsh (lymphoid-specific helicase, Hells, PASG), the murine homolog of DDM1, was initially identified as a protein highly expressed in lymphoid tissue and thought to be involved in recombination (Jarvis et al., 1996) . Since then, its expression has been found to be less restricted, however Lsh expression appears to be tightly correlated with cell proliferation (Geiman and Muegge, 2000; Raabe et al., 2001) . Lsh knockout mice were generated and developed relatively normally. Lsh7/7 mice were born live but died shortly thereafter, possibly due to renal failure. The Lsh knockout mice show a reduced birth weight, renal lesions, and reduced numbers of lymphoid cells. T cells from Lsh7/7 mice demonstrated defects in cell proliferation and high levels of apoptosis (Geiman and Muegge, 2000) . Given the homology between Lsh and DDM1 (50% identity in the helicase region), genomic DNA methylation patterns were examined in the Lsh7/7 mice. Remarkably, the knockout mice exhibited profound methylation defects ). An examination of repetitive elements, including the major and minor satellite repeats, intracisternal Aparticle retroviral sequences, and Sine B1 repeats, all of which are normally heavily methylated in cells, revealed significant hypomethylation. Several single copy loci were also examined, including the b-globin, Pgk-2 and Pgk-1 genes, and the imprinting control region upstream of the H19 gene, and all revealed losses of methylation relative to normal mice. Total genomic 5-methylcytosine levels were reduced by 50 -60% and all tissues appeared to be similarly affected . Thus it appeared that most, but not all DNA methylation was affected by the Lsh mutation and unlike ATRX mutation, resulted only in losses of DNA methylation. No aberrant hypermethylation was reported. The Lsh work provides the most compelling evidence that chromatin structure and chromatin remodeling are critical determinants of cellular DNA methylation patterns in mammalian cells.
DNA methylation and chromatin structure -how does it all fit together?
The consistent theme arising from studies on DDM1, ATRX, and Lsh, is that these chromatin remodeling enzymes, most likely acting within large macromolecular remodeling complexes, may remodel chromatin The list is by no means comprehensive and more complete descriptions can be found in Havas et al., 2001; Varga-Weisz, 2001; Vignali et al., 2000 to allow the DNA methyltransferases access to their target sites, or set up a particular chromatin configuration which is recognized by DNA methyltransferases and/or their associated proteins. Thus one could imagine that, (1) the chromatin remodeling enzyme is directly associated with a DNA methylase complex which can both remodel chromatin and methylate DNA or (2), the chromatin remodeling complex may remodel a particular region destined to undergo DNA methylation, depart, then the DNA methylation machinery would follow. The work with DDM1, ATRX, and Lsh firmly establishes an indirect connection between DNA methylation and chromatin remodeling but has not provided any evidence for a direct connection, such as a direct interaction, between a chromatin remodeling enzyme and a DNA methyltransferase (or DNA methyltransferase-associated protein). Given the universal association of HDACs with DNMTs it does not seem unreasonable to speculate that a similar direct association between one or more of the DNMTs and SNF2 family members may soon come to light.
A model which has been proposed previously is that proteins like DDM1 and Lsh may facilitate access of the DNMT to newly replicated DNA following DNA replication (Martienssen and Henikoff, 1999) . DDM1 and Lsh may therefore remodel newly deposited histones in such a way as to allow DNMT1 to carry out its maintenance methylation function. The hemimethylated DNA would be converted to fully methylated DNA, and the associated HDAC2 may then deacetylate newly deposited histones and allow for maintenance of a heterochromatic state once the DNA replication machinery has passed (Rountree et al., 2000) . The strict correlation between Lsh expression and cell proliferation lends support for this idea (Raabe et al., 2001) . This model is highly feasible for methylation in the context of DNA replication (maintenance methylation), however evidence from other cellular processes, particularly related to de novo methylation and methylation remodeling events occurring during embryogenesis, indicates that there may be additional mechanisms. As was mentioned previously, silencing of newly introduced retroviral sequences, and of the X chromosome copy destined for inactivation, occurs well before de novo DNA methylation of those sequences. A similar situation may also be occurring during the rapid genome-wide methylation remodeling events (both demethylation and de novo methylation) that occur during embryogenesis (Reik et al., 2001) . Therefore chromatin remodeling and histone modification would seem to set the stage for DNA methylation in some cases. Additional support for this notion comes from recent studies in Neurospora and Arabidopsis, which showed that loss of histone methylation (on histone H3, lysine 9) resulted in a complete or partial loss of genomic DNA methylation, respectively (Tamaru and Selker, 2001; Jackson et al., 2002) . Homologous HMTs exist in mammalian cells (Rea et al., 2000) , but it remains unclear whether a similar control system exists in mammals, which, unlike Neurospora, absolutely require DNA methylation for proper development.
How might DNA methylation and chromatin remodeling be coupled mechanistically? How are the HDACs also involved in this process? Unfortunately, the in vitro biochemical properties of the DDM1, ATRX and Lsh proteins have not been investigated. The biochemical properties of other SNF2-like chromatin remodeling enzymes, including ones in the ISWI subfamily, have been investigated in considerable detail and we may be able to gain insights into potential mechanisms of Lsh or DDM1 using the properties of these related proteins as a model. In the case of recombinant Drosophila ISWI, or the ISWI-containing complex NURF, it has been demonstrated that the histone H4 tail, which protrudes from the nucleosomal core particle, is essential for ISWI chromatin remodeling activity (Clapier et al., 2001; Corona et al., 2002; Hamiche et al., 2001) . The H3 and H4 tails are subject to numerous post-translation modifications including acetylation, methylation and phosphorylation (Jenuwein and Allis, 2001 ). In particular, it appears that the base of the H4 tail, combined with nucleosome-bound DNA, is the 'epitope' recognized by ISWI in chromatin. Interestingly, it was recently shown that acetylation of lysines (K12 and K16) near the base of the H4 tail inhibited the chromatin remodeling ability of ISWI . Indirect genetic evidence presented in the previous section indicates that chromatin remodeling is essential for proper DNA methylation patterns. Thus we propose a model ( Figure 6 ) where these three activities, histone deacetylase, ATPase, and DNA methyltransferase, rely on each other. In this model, histone deacetylation would occur first. This may be the point at which transcriptional shutdown of the region would occur. Access of the HDACs themselves to chromatin may require other chromatin remodeling activities (Tong et al., 1998) . Following histone deacetylation (and possibly methylation), the chromatin remodeling complex binds and alters the chromatin structure or nucleosome positioning in such a way as to directly facilitate access of the DNMT to the nucleosomal DNA or create a particular 'epitope' or signature recognized by a DNMT or DNMT-associated complex. The region is then methylated which locks the chromatin in a silent mode, which would then be further enhanced by the recruitment of methyl-CpG binding proteins and their associated repressive activities (Bird, 2002) . There is ample evidence for DNMTs and HDACs as components of one complex. The ATPdependent chromatin remodeling enzyme may also be part of the complex or act separately. Although speculation at this time, this model is testable using chromatin reconstituted in vitro and recombinant remodeling proteins and will likely be the subject of future studies. Previously proposed models, where DNA methylation occurs first and is followed by histone deacetylation and gene silencing , may also operate and are by no means excluded by the model proposed here.
Concluding remarks
The past decade has seen amazing advances in our understanding of the ways in which DNA methylation contributes to transcriptional regulation and tumorigenesis. Findings from the last few years in particular have revealed the first glimpses of how the myriad epigenetic control mechanisms that exist in mammalian cells, including DNA methylation, histone acetylation, histone methylation, and ATP-dependent nucleosome positioning, may be directly connected. Histone acetylation and methylation patterns may recruit certain chromatin remodeling activities, which in turn may create docking sites for DNA methyltransferase complexes. The CpG methylated region may recruit further chromatin modulatory activities, such as the methyl-CpG binding protein complexes and their associated repressive activities, and finally lock a given region of the genome in a silent state. Emerging evidence strongly suggests that histone modifications set the stage for DNA methylation. Issues that still need to be resolved include the following: (1) which ATP-dependent chromatin remodeling machines are involved in establishing and maintaining DNA methylation patterns; (2) is the association between the ATPases and the DNMTs direct or indirect; (3) does the nature of the interaction change between undifferentiated, differentiated, and transformed cellular states; (4) do each of the three catalytically active DNMTs recognize the same chromatin 'epitope' for methylation or do the de novo and maintenance methyltransferases utilize fundamentally different signals, and finally; (5) have we indeed accounted for all of the DNA methylating activities in mammalian cells? Such important questions will likely be answered in the next few years as intensive research identifies and characterizes DNMT-associated proteins, and in vitro DNA methylation and chromatin remodeling systems are established. Such findings will likely be highly relevant to diseases involving aberrant DNA methylation patterns, including cancer, as well as ICF, Rett, and ATRX syndromes, and may provide the understanding to devise completely novel strategies for reversing the defects. Thus, our blurred image of the 'tangled web' of DNA methylation, histone modifications, and chromatin remodeling is gradually resolving into that of a precisely patterned, logically woven fabric.
